INTRODUCTION
Nonsense-mediated mRNA decay (NMD) is an RNA degradation mechanism that degrades pre-mRNA containing premature translation termination codons (PTCs) (BehmAnsmant et al. 2007; Chang et al. 2007; Isken and Maquat 2008) . Due to the high probability of encountering a PTC, unspliced pre-mRNAs or some alternatively spliced RNAs are potential targets for NMD. Indeed, NMD is involved in regulating highly conserved alternatively spliced forms containing PTCs (Lareau et al. 2007; Ni et al. 2007 ) and degrades unspliced precursors of transcripts spliced with suboptimal efficiency in C. elegans (Mitrovich and Anderson 2000) , S. cerevisiae (He et al. 1993; Sayani et al. 2008) , and Paramecium (Jaillon et al. 2008) . These studies led to the idea that NMD might act as a general quality control mechanism for defective or suboptimal splicing. Based on this, one might expect NMD to be also involved in degrading unspliced precursors generated by mutations of splicing signals or by inactivation of splicing factors. Surprisingly, combining a thermosensitive mutation of the Prp2p splicing factor with NMD inactivation did not result in the stabilization of several unspliced precursors (Bousquet-Antonelli et al. 2000) . NMD integrity also does not affect the steady-state levels or the rate of decay of unspliced precursors of splicing substrates containing a mutated actin intron (Hilleren and Parker 2003; Sayani et al. 2008) . In addition, several other unspliced precursors resulting from splicing signal mutations accumulate to high levels in the presence of active NMD (Vijayraghavan et al. 1986; Chanfreau et al. 1994; Sayani et al. 2008 ). These observations led to the conclusion that NMD does not contribute to the quality control of splicing in splicing mutants. However, the recent observation that NMD degrades most unspliced precursors resulting from a 59-splice site mutation in the RPS10B gene (Sayani et al. 2008 ) led us to investigate whether NMD can mask or reduce the effects of trans-acting splicing factor mutations. In this study, we show that many transcripts do not exhibit any detectable splicing defect in several spliceosome component mutants unless NMD is also disrupted. In addition we also show that the quantitative effects of these splicing mutants are generally enhanced in the absence of functional NMD. These results reveal that NMD can mask the effects of splicing factor inactivation by degrading unspliced RNAs that accumulate due to defective splicing. Our observations show that the full extent of the role of splicing factors cannot be fully understood in vivo unless RNA degradation systems that eliminate these unspliced RNAs are inactivated as well.
RESULTS

NMD quantitatively reduces the splicing defects associated with inactivation of the Prp17p and Prp18p splicing factors
To investigate whether NMD can mask the effects of splicing factor mutations in vivo, we first inactivated the NMD factor Upf1p in yeast strains carrying deletions of the nonessential splicing factors Prp17p and Prp18p. The choice of these nonessential splicing factors was based on the fact that unspliced RNA levels could be analyzed at steadystate and normal growth temperatures without having to shift the cells to nonpermissive temperatures, alleviating the issues of viability and mild heat-shock conditions. We constructed the double knockout strains prp17Dupf1D and prp18Dupf1D by direct knockout of UPF1 in the prp17D or prp18D backgrounds. We then performed tiling array analysis of RNAs and analyzed the intronic signals in all single and double mutants strains. To investigate the extent to which NMD can mask splicing defects in the prp17D and prp18D strains, we generated Z-scores based on measuring the ratio of intronic signals between each strain (provided in Supplemental Table 1 ). Our previous study had shown that analysis of the variations in intronic signals is a valid first approximation of the amount of unspliced precursor that accumulates in mutant strains compared with the wild type (Sayani et al. 2008) . Intronic Z scores were based on the average of the log2 of the ratio of the signals obtained from probes located in introns or spanning the exon-intron junctions between each of the strains analyzed. Because the number of probes varied depending on introns, the use of the Z-scores allowed us to take into account the number of probes used to measure the signal from each intron. Comparison of the Z-scores between the prp17D mutant and the wild type (Fig. 1A, x-axis) , and between the prp17Dupf1D and the upf1D mutant (Fig. 1A, y-axis) showed that the quantitative effect of the prp17D deletion on intronic signal is much more pronounced when NMD is inactive (Fig. 1A , left panel). This is illustrated by the large number of introns that fall above the diagonal line, or for which the Z-score is close to or lower than zero for the prp17D mutant to the wild-type comparison (Fig. 1A, x-axis) , but which exhibit an increase of Z-score above zero in the double mutant (Fig. 1A, y-axis) . The same effect was observed when comparing the effect of NMD inactivation (Fig. 1A , right panel, upf1D versus WT) to the effects of NMD inactivation in the context of the prp17D deletion (Fig. 1A , right panel, FIGURE 1. Quantitative analysis of intronic signals in the prp17D, prp18D, and upf1D mutants and in double mutants. Plotted are the Z-scores for the average of the log2 of the ratio of intronic signals for all introns of the S. cerevisiae genome in the indicated strain comparisons. Lines indicate the diagonal on which equal Z-score for the strain comparisons would be located. Kawashima et al. prp17Dupf1D versus prp17D). Overall intronic signals were generally higher in the prp17Dupf1D double deletion strain than in either single mutant, which shows that NMD quantitatively reduces intronic signals in the prp17D deletion mutant. The same effect was observed for the prp18D upf1D double mutant when compared with either prp18D or upf1D single mutants (Fig. 1B) .
To provide an independent way to visualize the effect of the prp17D and prp18D mutations in the context of active or inactive NMD, we plotted the intronic scores of the comparison sets of these mutants against each other in the context of active NMD (Fig. 1C , red dots, each single mutant is compared with wild type) or inactive NMD (blue dots; each double mutant is compared with the upf1D single mutant). When plotted on the same graph, the data points observed in the context of inactive NMD (Fig. 1C , blue dots) are shifted to higher values than those observed when the effects of prp17D and prp18D mutants are compared when NMD is active (Fig. 1C, red dots) . This observation shows that the deletion of PRP17 or PRP18 results in higher intronic signals when these mutations are combined with NMD inactivation. We note that the effects of Prp17p and Prp18p inactivation are generally well correlated, whether NMD is active or not (Fig. 1C) , with only a small minority of introns showing differential effects upon inactivation of Prp17p or Prp18p. Overall, these data show that NMD reduces intronic signal accumulation in splicing factor mutants when analyzing the entire intronic population of S. cerevisiae. Even if a fraction of the intronic signal comes from lariat intermediates generated by inactivation of these second step splicing factors, these results suggest that a significant fraction of the unspliced precursors generated by spliceosome component mutations are degraded by NMD, which limits or prevents their accumulation in vivo.
NMD mutes transcript-specific splicing defects associated with inactivation of Prp17p and Prp18p
The previous analysis revealed that inactivation of Upf1p in the prp17D or prp18D mutants can enhance the intronic signal accumulation phenotype associated with these splicing mutants, suggesting that the splicing defects of these mutants can be more readily detected or is exacerbated when NMD is inactivated. We next sought to identify transcripts for which NMD would completely mask the effects of the Prp17p or Prp18p depletion. Such transcripts would exhibit no increase of intronic signal in the prp17D and prp18D mutants compared with wild type, but a large signal increase in the double mutants when NMD is also inactivated (Fig. 1A,B , upper left quadrants). To facilitate visualization of these transcripts, we performed hierarchical clustering analysis based on the intronic Z-scores and searched for transcripts with no intronic signal accumulation in the prp17D or prp18D versus wild-type comparison, but for which an increase of intronic signal was detected in the double-mutant strains when compared with each single mutant (Figs. 2, 3 ). This analysis revealed several transcripts for which intronic signal increase is not detectable in either of the single mutants, but for which a strong increase in intronic signal can be detected when comparing prp17Dupf1D to upf1D or prp17Dupf1D to prp17D (Fig. 2) . Similar observations were made for the prp18D-derived mutants, although the number of introns affected was smaller than for prp17D (Fig. 3) . The intronic signal increase observed for many introns does not result from a general splicing defect in the double mutants, since several precursors did not show an increase of intronic signal in either the single or double mutants (Figs. 2, 3 , Clusters A). The lack of effect observed for these transcripts was not due to the absence of premature termination codons (PTCs), as the large majority of yeast unspliced pre-mRNAs contain PTCs, as shown previously (Sayani et al. 2008) . Interestingly, this analysis showed that the absence of Prp17p can result in intronic signal increase for short introns, in contrast to what previous analyses had shown (Clark et al. 2002; Sapra et al. 2004) . For example, the BOS1, CIN2, and MTR2 genes showed an increase of intronic signal only in the context of the prp17Dupf1D double mutant, but not in the prp17D or upf1D single mutants (Fig. 2 , Cluster B). The small sizes of the BOS1, CIN2, and MTR2 introns (73, 80, and 99 nucleotides [nt] , respectively) show that Prp17p can affect the splicing of introns shorter than 100 nt, but that this effect is masked by NMD. We also observed a strong increase of intronic signal in double mutants for a large number of ribosomal protein genes (Figs. 2, 3, Clusters B,C,E,F). These genes were not found to accumulate unspliced precursors in NMD mutants in a normal splicing background (Sayani et al. 2008 ). These results show that NMD can affect a larger number of transcripts than previously estimated. However, in the absence of splicing mutations, the splicing of these transcripts is robust enough to prevent escape of unspliced precursors from the spliceosome.
The previous analyses measured intronic signal accumulation; therefore, it was possible that the increase of signal observed in the double mutants may be indicative of accumulation of RNA species other than the unspliced precursors, such as lariat intermediates that may result from the inactivation of the Prp17p and Prp18p second step splicing factors. To investigate whether or not the increase of signal observed was due to unspliced precursor stabilization, we first performed Northern blot analysis on the RPL16A, RPS13, and RPS11B transcripts (Fig. 4A) . Based on the tiling array measurements, RPL16A and RPS11B were predicted to have stronger precursor accumulation in the double mutants than each of the corresponding single mutants, while unspliced precursor accumulation for RPS13 was predicted to be found in the upf1D strain and not exacerbated by deletion of Prp17p or Prp18p. Northern analysis validated the prediction made by the tiling array analysis, with a dramatic accumulation of slower migrating species in the prp17Dupf1D or prp18Dupf1D mutants compared with the single mutants for RPL16A and RPS11B. This was not observed for RPS13, for which the accumulation of the slower migrating species was not increased by disruption of Prp17p or Prp18p. We also observed slightly faster migrating species that are detectable in the prp17D or prp18D single mutants that might correspond to intron-exon2 lariat intermediates (Fig. 4A, LI) . However, their accumulation is not exacerbated by Upf1p inactivation in contrast to the presumed unspliced precursors (Fig. 4A ). This is in agreement with previous studies showing that lariat intermediates are degraded in the cytoplasm in a Dbr1p-dependent manner (Hilleren and Parker 2003) . This Northern analysis suggested that unspliced precursor accumulation of RPS11B and RPL16A was exacerbated in the prp17Dupf1D or prp18Dupf1D double mutants compared with the single mutants. However, due to the small size of exon1, we could not rule out that some of these species postulated to be unspliced precursors may actually correspond to lariat intermediates. To further investigate this possibility we performed RT-PCR on DNase-treated RNA samples from these strains using oligonucleotides hybridizing to exon1 and exon2 sequences. These oligonucleotides specifically amplify mRNAs and unspliced precursors, allowing their detection independently from lariat intermediates (Fig.  4B) . We also included in this analysis samples extracted from the prp2-1 splicing mutant grown at 25°C or shifted for 30 min at 37°C (Fig. 4B , last two lanes) to serve as positive controls for the accumulation of unspliced precursors, as well as a PCR reaction performed on genomic DNA (gDNA) or on wild-type RNAs that were not treated with DNase (Fig.  4B , first two lanes for RPL16A and RPS11B). This analysis showed that unspliced (US) precursors of RPL16A and RPS11B accumulate specifically in the prp17Dupf1D or prp18Dupf1D double mutants, in contrast to single mutants in which these species are barely visible or undetectable. Thus, the slower migrating species detected on Northern blots in Figure 4A , those that accumulate specifically in the double mutants, correspond to unspliced precursors. We note that the accumulation of unspliced precursor in the prp17Dupf1D or prp18Dupf1D double mutants is specific to RPS11B, as unspliced species of RPS11A cannot be detected in these strains. This is in contrast with the prp2-1 mutant, in which both RPS11A and RPS11B unspliced precursors can be detected (Fig. 4B, middle panel) . Finally, analysis of RPS13 by RT-PCR confirmed the observation made by Northern blot that the accumulation of unspliced precursors of RPS13 in the upf1D mutant is not exacerbated by inactivation of Prp17p or Prp18p (Fig.  4B, bottom panel) .
RT-PCR analyses show that the effect of NMD in masking the effects of splicing defects is more widespread than revealed by tiling arrays Even when considering the RT-PCR data described above, some of the intronic signals detected by tiling arrays may result either from unspliced precursors or from lariat species such as intron-exon2 intermediates that can accumulate in the prp17D or prp18D second step mutants. For some of the intron-containing genes, we considered the possibility that we did not detect any increase of signal in the prp17Dupf1D or prp18Dupf1D double mutants compared with the single splicing mutants, because the signal coming from lariat intermediates that accumulate in the second-step prp17D or prp18D mutants exceeds the signal resulting from unspliced precursors in the double mutants. To extend our studies, we analyzed by RT-PCR unspliced precursor accumulation for five additional transcripts, TUB1, TAF14, LSB3, ACT1, and MER2, which exhibited a wide range of intronic Z-scores as determined by the tiling arrays For the RT-PCR analysis, a genomic DNA sample and RNAs extracted from a prp2-1 strain grown at 25°C or shifted for 30 min to 37°C were included as positive controls for the detection of unspliced species. The migration of the unspliced pre-mRNAs and spliced mRNAs are indicated by US and S, respectively. LI indicates the lariat intron-exon2 intermediates detected by Northern blot in the prp17D, prp18D mutants. The species labeled * for RPL16A were not mapped and might correspond to a cryptic splicing event. For the RPS11 RT-PCR panel, the oligonucleotides used did not discriminate between the RPS11A and RPS11B copies; therefore, both unspliced species are amplified by PCR.
(Supplemental Table 1 ). Based on the Z-scores, the prp17Dupf1D or prp18Dupf1D double mutants were not predicted to exhibit higher unspliced precursor accumulation than the single prp17D or prp18D mutants for TUB1, LSB3, and TAF14. However RT-PCR analysis showed that unspliced precursor accumulation is exacerbated for these three genes in the prp18Dupf1D and prp17Dupf1D double mutants compared with each single mutant (Fig.  5) . In contrast, actin (ACT1) precursors were undetectable in both the prp17Dupf1D and prp18Dupf1D double mutants, while these species could be detected in the prp2-1 mutant. In addition, a meiotic transcript which naturally accumulates unspliced pre-mRNAs in vegetative conditions such as MER2 was also unaffected by NMD inactivation, either alone or in combination with splicing mutants (Fig.  5) . This result corroborates previous observations that unspliced precursors of meiotic transcripts are not subject to NMD, possibly because of nuclear retention (Scherrer and Spingola 2006) . We conclude that the tiling array analysis provided us with a minimal list of genes for which unspliced precursor accumulation is exacerbated by inactivation of NMD in the prp17D or prp18D mutants; however, the effects are likely to be more widespread than found using the arrays, because the intronic signal that results from lariat intermediate accumulation in the prp17D or prp18D mutants prevents an accurate measurement of the accumulation of unspliced precursors for a subset of intron-containing transcripts.
NMD reduces the amount of several unspliced precursors in the prp22-1, nam8D, and mud1D splicing mutants
The previous analysis showed that inactivation of Upf1p can enhance or reveal unspliced precursor accumulation phenotypes associated with deletion of the spliceosome components Prp17p or Prp18p by repressing the degradation of some of the precursors normally targeted by NMD. To extend these results to other splicing mutants, we combined the prp22-1 thermosensitive mutant (Vijayraghavan et al. 1989 ) and the U1 snRNP components nam8D (Gottschalk et al. 1998) or mud1D (Liao et al. 1993) deletion mutants with the upf1D deletion by direct knockout of UPF1 in the corresponding single mutants. We grew the prp22-1 upf1D mutant strain and corresponding single mutants at 25 or 30°C to investigate whether inactivation of Upf1p could reveal or enhance some splicing defects in the prp22-1 mutant, even at permissive temperatures. This approach allowed us to avoid shifting the cells to nonpermissive temperature, because such a shift might induce growth arrest in the prp22-1 mutant, with possible interference with the NMD process. We then investigated by RT-PCR the accumulation of unspliced transcripts for the same subset of transcripts previously analyzed for the prp17D or prp18D mutants series (Fig. 6 ). This analysis showed that the level of unspliced RPL16A, RPS11B, and TAF14, precursors detected by RT-PCR was slightly higher in the prp22-1 mutant grown at 30°C, but was exacerbated when the upf1D deletion was combined with this mutation. This effect was specific to these transcripts, as it was not observed for the RPS13, LSB3, MER2, TUB1, and ACT1 genes (Fig. 6 ). In contrast, we did not detect exacerbation of unspliced precursor accumulation when the prp22-1 and prp22-1upf1D mutants were grown at 25°C (Fig. 6 ). It is possible that the NMD pathway is less active at this lower temperature, or that the 30°C temperature used previously exacerbates the degradation of unspliced precursors that are generated in the prp22-1 mutant.
In the case of the mud1D and nam8D mutants for which the corresponding proteins are part of the U1 snRNP and are involved in the first step of splicing (Liao et al. 1993; Gottschalk et al. 1998 ), we found similarly that inactivation of FIGURE 5. RT-PCR analysis of splicing of the TUB1, TAF14, LSB3, ACT1, and MER2 genes in wild-type, upf1D, prp17D, prp18D, prp17Dupf1D, and prp18Dupf1D mutants. The species labeled * for TAF14 and ACT1 were not mapped and might correspond to cross-hybridization of the primers to another transcript, since these are detected regardless of the strains studied. The species labeled * for TUB1 were not mapped and might correspond to a cryptic splicing event.
Upf1p in these mutants increased the accumulation of unspliced forms of RPL16A and RPS11A (Fig. 7) . In addition, TAF14 unspliced pre-mRNAs were observed only in the mud1Dupf1D double mutant, showing that inactivating the NMD can reveal splicing defects specific to the deletion of MUD1, which are not observed when Nam8p is inactivated. In contrast, inactivation of Upf1p did not reveal nor exacerbate the accumulation of unspliced precursors for the LSB3, ACT1, MER2, and TUB1 transcripts. As observed for the previous mutants, inactivation of Mud1p or of Nam8p had little effect on the accumulation of unspliced RPS13 transcripts, which are already abundant in the upf1D mutant. Thus, similarly to what we found for the second step mutants prp17D, prp18D, and prp22-1, inactivation of Upf1p can reveal some of the splicing defects that are otherwise masked by NMD in first step mutants.
Genetic interactions between upf1D and splicing mutants
Following the previous observations, we could not exclude the possibility that the increase of unspliced precursors observed in the double mutants might have been caused by synergistic growth defects. While generating the double mutants combining the upf1D deletion with the splicing mutants, we found, to the contrary, that the double mutants in which the prp17D or prp22-1 mutation are combined with the upf1D deletion exhibited a better growth rate than those of the single prp17D or prp22-1 mutant (Fig. 8) . Inactivating Upf1p was, however, not sufficient to rescue the temperature-sensitive phenotype of the prp22-1 mutant (data not shown). Therefore, inactivation of NMD partially suppresses the growth defects associated with the prp17D or prp22-1 splicing mutants. This is in contrast to the deletion of Prp18p, which shows a synthetic growth defect when combined with deletion of Upf1p (Fig. 8) . This result is reminiscent of that observed for the splicing/nuclear retention factor BBP/ScSF1, for which inactivation of NMD results in a synthetic lethal phenotype (Rutz and Seraphin 2000) . The reduced growth of the prp18Dupf1D double mutant compared with the prp18D mutant might explain why the quantitative effects of NMD inactivation were less pronounced for the prp18D mutant than for the prp17D mutant (Figs. 1-3) . We also monitored the growth rates of nam8D, mud1D, upf1D, and corresponding double mutants, but neither of the single or double mutants exhibited a significant growth defect on plates (data not shown). Thus, the positive genetic interactions observed between the upf1D strain and splicing mutants seem to be specific to prp22-1 and prp17D. The growth suppression phenotypes observed between the prp22-1 and upf1D deletion and prp17D and upf1D are rather surprising, given the fact that previous work had shown that the combination of a mutation of the splicing/ retention factor BBPS/ScSF1 and NMD inactivation results in a synthetic lethal phenotype (Rutz and Seraphin 2000) and given the negative genetic interaction observed between the upf1D deletion and the prp18D mutant (Fig. 8) . However, this result can be explained by considering the splicing of a specific group of transcripts that might be rate limiting for growth. It is possible that the absence of Prp17p or the partial inactivation of Prp22p at permissive temperature results in reduced production of these rate-limiting spliced mRNAs. Inactivation of NMD in this context might increase the level of the corresponding unspliced RNAs, which might ultimately increase the production of spliced mRNAs, because more precursors are available for splicing. A similar model has been proposed to explain the suppression of branchpoint mutations by the Prp16p splicing factor mutations (Burgess et al. 1990 ). However, we were unable to identify transcripts using tiling arrays for which exonic signal is increased specifically in the prp17D upf1D mutant compared with the prp17D and upf1D mutants, which would have indicated increased splicing. Thus, it is possible that the suppression observed is due to other effects (see Discussion). Regardless of the interpretation, these results identify a positive genetic interaction between an NMD mutant and several splicing factor mutants.
DISCUSSION
In this study we have shown that NMD can degrade a fraction of unspliced precursors generated by deletion or inactivation of the spliceosome components Prp17p, Prp18p, Prp22p, Mud1p, and Nam8p. Thus, NMD inactivation enhances the quantitative effects of several splicing factor mutations and also reveals transcripts that were thought to be unaffected by these splicing factors. Interestingly, our analysis reveals that the prp17D and prp18D mutants exhibit accumulation of unspliced precursors (Figs. 4, 5) . The Prp17p and Prp18p spliceosome components are thought to be involved specifically in the second step of splicing (Jones et al. 1995; Umen and Guthrie 1995) , yet they exhibit a first step defect as shown by the accumulation of unspliced precursors in vivo (Figs. 4, 5) . This observation could be explained by a hitherto unidentified involvement of these factors in the first step of splicing. Indeed, Prp17p was found to be associated biochemically with pre-first step C-complex in mammalian cells (Bessonov et al. 2008 ) and in pre-catalytic spliceosomes in yeast (Sapra et al. 2008 ). This association with pre-first step complexes might provide an explanation for the first-step defect observed for strains lacking Prp17p in vivo. Alternatively, it is possible that disrupting second-step splicing factors may shift the equilibrium of spliceosome conformations toward a first step specific conformation, as suggested by recent genetic analyses (Konarska et al. 2006; Liu et al. 2007 ). This equilibrium shift might then favor the reversal of the first step in vivo, resulting in the reverse production of unspliced precursors. This hypothesis, although complex, is supported by the observation that both steps of pre-mRNA splicing are reversible, at least in vitro (Tseng and Cheng 2008) . Finally, it is possible that the unspliced precursor phenotype observed in these secondstep mutants is indirect and due to the sequestration of a limiting first step splicing factor in spliceosomes stalled prior to the second catalytic step in vivo.
Based on the results we obtained with the prp17D, prp18D, nam8D, mud1D, and prp22-1 mutants, it is puzzling that a previous analysis of the prp2-1 splicing mutant did not result in the stabilization of unspliced pre-mRNAs upon inactivation of NMD (Bousquet-Antonelli et al. 2000) . It is possible that unspliced precursors in the prp2-1 mutant are trapped in a pre-catalytic conformation of the spliceosome in the nucleus and specifically degraded by the nuclear exosome because of nuclear retention. Alternatively, it is possible that since the analysis of the prp2-1 splicing mutant was performed on only a few transcripts (Bousquet-Antonelli et al. 2000) , some unspliced transcripts generated by the prp2-1 mutant and degraded by NMD may have escaped identification.
Our results show that NMD targets many more unspliced precursors than we previously estimated (Sayani et al. 2008) . In natural conditions, some transcripts are spliced with very high efficiency, and therefore generate very few unspliced precursors. However, in conditions where splicing is suboptimal due to nonessential splicing factors inactivation (prp17D, prp18D, nam8D, and mud1D) , or because of partial inactivation of an essential splicing factor at a permissive temperature (prp22-1), unspliced precursors escape the spliceosome and are degraded by NMD. This process might compete with splicing, as shown by the partial rescue of the growth defect of the prp17D and prp22-1 mutations by Upf1p inactivation (Fig. 6 ). We do not yet understand the molecular basis for this suppression and why the positive genetic interactions are specific to prp17D and prp22-1. One interpretation is that inactivation of Upf1p might increase the growth of these splicing mutants by increasing the level of unspliced precursors of transcripts that are rate limiting for growth, thereby increasing the pool of splicing substrates for these transcripts and possibly the amount of mature mRNA produced. Since pre-mRNA splicing is nuclear, and NMD is cytoplasmicor perinuclear-this would require the shuttling back of unspliced pre-mRNAs to the nucleus. Unfortunately, based on inspection of the tiling arrays, we have not been able to identify transcripts for which spliced transcripts are increased in the prp17Dupf1D double mutant. Therefore, it is formally possible that these genetic interactions rely on molecular interactions that are unrelated to splicing.
Several studies have investigated the effects of spliceosome mutations in a genome-wide manner to identify transcripts whose splicing requires specific spliceosome components (Clark et al. 2002; Sapra et al. 2004; Pleiss et al. 2007 ). Conclusions about transcript-specific effects of spliceosome component mutations based on the measurement of precursor accumulation are problematic, since the absence of effect of a mutation on the accumulation of specific unspliced transcripts might have been the result of RNA degradation masking the accumulation of unspliced precursors, as shown in this study. Analysis of the reduction of mature mRNA production is a more informative parameter to measure splicing defects directly in vivo. However, in the case of stable mRNAs, splicing defects do not necessarily result in a reduction of mature mRNAs (Pikielny and Rosbash 1985) , making this approach impractical in many cases, especially in thermosensitive mutants for which a rapid shift to a nonpermissive temperature is used. Analysis of our data shows that the full extent of the effects of spliceosome mutations can be revealed only when the NMD (or any other RNA degradation system that also affects unspliced RNAs) is inactivated. Some transcripts such as RPL16A seem to be affected by all mutants whenever these are combined with NMD inactivation. However, some other transcripts such as TUB1 seem to be affected by only a subset of mutants. Thus, splicing factor mutations seem to affect the splicing of genes to different extents, even when taking into account the effect of RNA degradation by NMD. We emphasize that our study may not have revealed the full extent of the phenotypes associated with the splicing mutants analyzed here because some other RNA degradation systems such as the nuclear exosome may also degrade some transcripts unaffected by NMD, as shown previously (BousquetAntonelli et al. 2000) . Even when considering this possibility, our results underscore the importance of RNA surveillance in the quality control of splicing, as a large fraction of unspliced precursors generated by splicing defects are eliminated by RNA degradation.
MATERIALS AND METHODS
The prp17D, prp18D, nam8D, and mud1D deletion strains were obtained form Open Biosystems. The prp22-1 mutant strain was from Vijayraghavan et al. (1989) . Disruption of UPF1 in splicing mutant background was performed using a PCR-based knockout strategy using the HIS marker (Longtine et al. 1998 ). Analysis of RNAs extracted from the single and double mutant strains by tiling arrays was performed as described (Sayani et al. 2008) . Three independent biological replicates were obtained for each single or double mutant, except for the wild-type and upf1D strains for which four biological replicates were used (Sayani et al. 2008) . Tiling array data are accessible in the GEO database (accession numbers GSE11621 and GSE18288). Tiling array signals were analyzed in MATLAB. Probe signals for the biological replicates for each strain were quantile normalized and averaged. The log2 of the ratio of the average of for each probe (perfectmatchmismatch) was calculated for each strain comparison. Probes that hybridize 12-nt upstream of and 12-nt downstream from intronic regions were retained for intronic signal analysis. Z-scores were calculated in Matlab and are provided in Supplemental Table 1 . Hierarchical clustering analysis using the average method was performed in JMP. Northern blot analysis was performed as described (Sayani et al. 2008) . RT-PCR analysis was performed after DNase-I treatment of total RNA samples. A total of 40 mg of RNA was treated with 10 mL of Ambion RNase-free DNase I in a 100 mL reaction at 37°C for 1 h. The DNase-treated RNA samples were purified by phenol-chloroform extraction and precipitation and resuspended in 20 mL of water. Reverse transcription was performed using random hexamers. A total of 5 mg of DNase-treated RNA was incubated with 1 mL of random primers (50 ng/mL) in 12 mL. The reaction was heated to 65°C for 5 min and chilled on ice. Reverse transcription was performed using M-MLV Reverse Transcriptase in a 20 mL reaction for 50 min at 42°C. The reactions were incubated at 85°C for 5 min to heat inactivate the reverse-transcriptase and treated with RNase H for 20 min at 37°C. Two microliters of reverse transcription reactions were used for PCR amplification using standard procedure and including [a 32 -P]dCTP for detection. Products were fractionated on polyacrylamide gels and the dried gels were exposed for phosphorimaging. The oligonucleotides used to amplify PCR products used for in vitro transcription and generation of riboprobes for Northern blots were the following:
RPL16A forward: GTCTGTTGAACCAGTTGTTGTC; RPL16A reverse: GATCAATTAACCCTCACTAAAGGAGCAGTA GCATTAGCAGAGGCA; RPS11B forward: AGGAAACGTATCAAGCCAGGGA; RPS11B reverse: GATCAATTAACCCTCACTAAAGGTGGGGAG ACGTGGACTGGG; RPS13 forward: ATGGGTCGTATGCACAGT; and RPS13 reverse: GATCAATTAACCCTCACTAAAGGCCAGTTTG GTGGTAAGACAGCAAC.
The oligonucleotides for RT-PCR analysis were the following: 
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